The interaction between antibodies and surface antigens of intact immobilized adenovirus particles was studied by single radial immunodiffusion tests (SRDT) in agarose gels. Purified virus particles and antisera against virus particles of selected serotypes representing different subgroups and against structural components of certain serotypes were employed. Antibodies against hexons, pentons and fibres all gave visible zones. Antisera against the latter components were more efficient in forming zones and this was thought to be due to the occurrence of relatively smaller amounts of vertex capsomeres and fibre antigen at the virus particle surface. The capacity of antibodies against vertex capsomeres to form zones was demonstrated in tests with virus particles of intermediate types.
INTRODUCTION
In a recent report a single radial immunodiffusion test (SRDT) for influenza antibody determination with intact virus particles incorporated in agarose gel was described (Schild, Henry-Aymard & Pereira, 1972) . This type of test is based not on a formation of immune precipitates but on the association of antibodies to influenza haemagglutinin and neuraminidase with envelope antigens of the immobilized virus particles thus forming zones of opalescence. The test was shown to be slightly less sensitive than the haemagglutinationinhibition (HI) test and about as sensitive as the neuraminidase-inhibition test and differences in relative antibody concentrations as small as 2o ~ could be detected.
Surface antigens of adenoviruses have been characterized by use of different techniques (Norrby, 1969 a, b; Norrby & Wadell, 1969 , 1972 Norrby, Marusyk & Hammarskj 01d, 1969; Norrby, Wadell & Marusyk, 1969; Wadell, t 97o) . Predominantly type-specific but also some subgroup-specific antigens have been identified by neutralization,HI and complement-fixation (CF) tests as well as byimmune electron microscopy. Type identification of adenoviruses for diagnostic purposes is generally carried out by use of neutralization or HI tests employing crude (predominantly soluble) haemagglutinin preparations as antigen. These two tests do not always give concordant results. Different type-specific antigens involved in neutralization and HI tests respectively could explain these discrepancies (Norrby, 1969 a) . Thus the antigen of distal fibres induces antibodies demonstrable in HI test with soluble HA as antigen, whereas the surface antigen(s) of hexons induce neutralizing antibodies.
The Mancini technique (Mancini, Carbonara & Heremans, 1965) has been applied for serological studies with adenovirus materials. In these studies freely diffusible soluble components were used for quantitative determination of antigen or antibodies of different specificities (D0hner 197o, Pereira, Machado & Schild I972 ) . In the present study the corresponding technique was used. However, in order to restrict the reactions only to surface antigen of virus particles the SRDT was carried out with immobilized intact adenovirus particles in agarose gel. The possibilities of applying this test for characterization of the surface of adenovirus particles and for typing and serological purposes were analysed.
METHODS
Preparation and purification of virus material. Prototype strains of adenovirus serotypes 2, 3, 4, 6, 7, 9, 16 and 3-I6 were propagated in HeLa cells maintained on Eagle's minimum essential medium (MEM) containing 5 ~ calf serum. Roux bottles with cells were infected at a multiplicity of I TCDs0/cell for preparation of virus. After 2 to 4 days incubation at 37 °C when cultures showed advanced c.p.e., -zells were harvested and pelleted by sedimentation. Cell pellets were treated with o.2 ~ sodium deoxycholate for 6o min at room temperature in o-o2 M-(hydroxymethyl) aminomethane (tris)-hydrochloride, pH 9"o. Extracted virus particles were concentrated and purified by centrifuging in discontinuous CsCI gradients (Norrby et aL I969) . Virus was stored at 4 °C in a CsCI solution with a density of 1.34 g/ml.
Sera and serological tests. Antisera to purified virus particles of different adenovirus serotypes and to purified capsid components of adenovirus type 3 were prepared as previously described (Norrby, 1969b) . Paired human sera with a serologically confirmed rise in antibody to certain types of adenoviruses were taken from the diagnostic routine at the Department of Virology, the National Bacteriological Laboratory. However, paired sera from patients with adenovirus type 8 infections were obtained from Dr Rebekka Berg, Central Microbiological Laboratory of the Stockholm county council. HI and CF tests were carried out by use of microtitre equipment as previously described (Norrby, I969b) .
Immunodiffusion test. The method described for influenza virus by Schild et al. (1972) was used. Purified virus particles were mixed with agarose, Indubiose A-37 (L'Industrie Biologique Franqaise, 35, Quai du Moulin de Cage -92 -Gennevilliers, France), at a temperature of 40 °C. A virus particle suspension with a protein content of 0.2 ~.o 2.0 mg/ml (final concentration) was found to give readily visible zones. If not otherwise stated a concentration of about 1 mg/ml was used in the experiments. This amount of virus corresponds to a group-specific CF antigen titre of about 5oo in preparations of virus particles disrupted by repeated freezing and thawing (I2 to 15 times). I ~oo agarose suspension containing purified virus particles was poured between two glass plates (5 x 5 cm) separated by a plastic frame giving a gel thickness of I mm. Wells with a diam. of 4 mm were punched at a distance of at least 6 mm from each other. Ten #1 of antiserum was put into each well. The samples were then incubated in a moist chamber at room temperature and the appearance of opalescent zones was examined. After incubation for ~ 8 to 24 h the plates were routinely inspected and photographed. 
Development and appearance of virus particle-antibody complexes
Using the optimal concentration of virus particles in the agarose gel, zones of opalescence were clearly visible as narrow circles already 15 min after addition of a specific antiserum. The diam. of the opalescent zone increased rapidly during the first hour of incubation and progressively slower during the following 6 h. Only a minimal increase in zone diam. occurred after prolonged incubation, but slight differences could be detected between samples incubated for I and 3 days ( Fig. I) . The zones were readily visible in ordinary light as distinct opalescent areas, contrasting with negative controls in which no reactions were detectable. When antibodies directed against more than one of the different virus particle surface antigens were present, two or more distinct zones could be distinguished (cf. Fig. 4 ). In fact, three different types of zones could be distinguished: (a) dense evenly opalescent zones, (b) less dense zones, often thinner close to the well, and (c) diffuse zones without any distinct periphery.
Comparison of reactions with intact and disrupted virus particles
Virus particle suspensions could be stored in CsC1 for more than 4 weeks at + 4 °C without any damage to the particles detectable by radial immunodiffusion. If CsCI was removed by dialysis against physiological saline the virus particles disrupted at +4 °C within a few days. The stability of virus particles in agarose also was shown to be increased by the presence of CsC1 in tris-HC1 buffer at pH 9"o and the presence of salt did not change the reaction patterns. Under these conditions, virus particle agarose mixtures on plates could be stored for a maximum time of 4 to 7 days at + 4 °C before use. Further increase of virus Fig. 2. Characterization of virus particle surface components involved in zone formation in SRDT with immobilized particles. Virus particles of adenovirus types 3, 16 and 3-16 were tested with sera against structural capsid components of type 3 and against virus particles of all three types. The label at the top indicates type of virus particle included in the agarose gel. The pattern of distribution of sera in different wells (the same for gels containing different virus particles) is given in the diagram in the lower right part of the figure.
particle stability was obtained by addition of foetal calf serum or bovine albumin in a final concentration of ~o and o. 5 ~, respectively. This allowed storage of plates for more than I4 days without disintegration of virus particles in the agarose gel.
In order to determine the capacity of the test to selectively detect virus particle surface antigens, the reactivity of intact and disrupted virus particles was studied. Disruption was obtained by repeated freezing and thawing (iz to I5 times). On recentrifuging in CsC1 of material treated in this way no virus particle band was obtained at a density of I "34 g/ml but structural components banded at lower densities, I-29 to 1.31 g/ml. The disruption of virus particles yielded diffusible virus components and when incorporated in the agarose, reaction with antibodies caused a true precipitation reaction. The pattern of reaction differed between intact and disrupted virus particles (cf. Fig. 4 ). The absence of reaction of heterologous antihexon serum with intact virus particles contrasted to the distinct precipitate obtained with disrupted virus particles. An obvious change in reactivity with antivirus particle sera was also obtained: all sera, including those negative with intact virus particles, gave precipitation reactions with disrupted virus particles.
Characterization of surface components involved in the test
Antibodies to different structural components of adenovirus type 3 (Table ~, Norrby, I969b) were used to determine the importance of different antigen specificities accessible at the virus particle surface for formation of detectable zones (Fig. 2) . The reaction of the . Dose-response curves obtained with serially diluted antisera against different surface components of adenovirus particle type 3 and a uniform concentration of virus particles. Note that the CF antibody titre of fibre serum was 8 times lower that of antipenton and antihexon sera (cf .  Table I ). homologous anti-whole virus particle serum included at least two distinct concentric zones. The antihexon serum gave a small rather dense zone, while anti fibre, as well as antipenton serum, gave comparatively large zones. This was observed despite the fact the CF antibody titre of the antipenton serum with purified dodecons was equal to that of the antifibre serum and markedly lower than the CF antibody titre of antihexon serum with homologous antigen. Quantitative aspects in the reactivity of sera against different structural components were further elucidated in tests with serial twofold dilutions of sera in one and the same virus particle gel slide (Fig. 3) -With all three different sera a linear relationship between the surface of zone and concentration of antibody in the well was observed (cf. Mancini et aL I965). However, the slopes of the curves were distinctly different. The slope of antipenton serum was markedly higher than that of antihexon serum. Even antifibre serum, in spite of its relatively lower CF antibody content (Table I) , displayed a slope higher than antihexon serum.
The intermediate strain 3-I6, carrying hexons closely related to type 3 but fibres similar to those of type 16 (Norrby, 1969 c) , was used to further examine the importance of different virus particle surface structures in the test. The intermediate strain 3-I6 and serotypes 3 and I6 were tested against whole virus particle antisera as well as component antisera against type 3. There was a pronounced reaction including several distinct zones appearing in tests with whole virus particles and homotypic antisera (Fig. z) .
Antiserum to type 3 hexons produced a small but dense homotypic zone and a corresponding zone with 3-I6 virus particles, whereas no reaction with type I6 was detectable. Antiserum to type 3 fibres only reacted with homologous virus particles. However, the antiserum to type 3 pentons gave well-developed zones not only with type 3 virus particles but also type I6 and 3-I6 virus particles. Since this serum neither contains antihexon antibodies nor HI antibodies against type I6 and strain 3-I6, these subgroup-specific zones must be due to Fig. 4 . Characterization of cross-reactions between surface components of adenovirus particles by SRDT with intact virus particles of type 3 (subgroup I), type 9 (subgroup [I; also disrupted virus particles) and type 2 (subgroup III). The label at the top indicates type of virus particle included in the agarose gel. Antivirus particle sera against various selected types (arabic numerals) representing different subgroups (roman figures) were added to the wells as illustrated.
antibodies directed against vertex capsomeres (the penton base). Heterotypic reactions of the antisera against whole virus particles gave the summarized picture of reactions of component antisera (Fig. 2) .
Cross-reactions between virus particles demonstrable by anti-virus particle sera
To analyse the specificity of zones, different virus particles were tested with a battery of antisera to whole virus particles of selected serotypes. Virus particle preparations included type 3 and I6 (subgroup I), type 9 (subgroup II) and type 2, 6 and 4 (subgroup III). The corresponding antisera and, in addition, type 11 and t5 virus particle antiserawere employed in the tests. To control the integrity of virus particles heterotypic antihexon serum was always included. The results have been summarized in Table 2 and compared to titres obtained in virus particle HI tests with anti-antiserum employing the same sera (Norrby & Wadell, I97a) .
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In subgroup I, type 3 virus particles (Fig. 4) gave a strong homotypic reaction comprising several zones. However, reactions with antisera to other virus particles in subgroup I (types 11 and I6) were also pronounced. Antisera to two members of subgroup II (types 9 and I5) and one member of subgroup III (type 2) gave no reaction. Antisera to type 6, another member of subgroup III, gave a small distinct zone, and finally antiserum to the aberrant member of subgroup III, type 4 gave a tiny zone. The latter zone is not visible in Fig. 4 , but was detectable in 4 separate, additional experiments. In tests with type 16 virus particles (Table 2) there was a pronounced homotypic reaction including several zones. Among antisera to other members of subgroup I the type 3 serum gave a weak reaction and the serum against type I I no reaction. Type 4, the atypical member of subgroup III, also gave a weak zone formation. No zones were seen with the other antisera studied.
In subgroup II, type 9 virus particles (Fig. 4 ) gave a strong homotypic reaction but also an impressive heterotypic reaction of subgroup nature (type 15). Antisera to virus particles belonging to subgroups I and III were negative, except the antiserum to type 2 (subgroup III) which gave a weak but distinct zone formation.
In subgroup III, homotypic reactions dominated in virus particles of types 2, 4 and 6 as shown in Table 2 and Fig. 4 (test with type 2 virus particles). Heterotypic reactions with sera against members of the same subgroup were also seen. A rather dense zone was produced by antiserum to type 6 with type 2 virus particles ( Fig. 4) and distinct zones were also produced by antisera to types 2 and 4 with type 6 virus particle. Antiserum to type I5, subgroup II, gave a small weak zone reaction with type 2 virus particles. With type 4 virus particles (Table 2) a strong but less dense zone was found with type 2 and a weak zone with type 6 antiserum. A striking reaction including three distinct concentric zones was obtained between type 4 virus particles and antiserum to type I6 virus particles, subgroup I, contrasting with a very weak reaction with antiserum to type 3 and no reaction with antiserum to type 12, both of which are also members of subgroup I.
Demonstration of specificity of antibody rises in paired sera from humans with adenovirus infections
Agarose gel plates prepared with virus particles of types 3 and 7 (I), 9 (II) and 2 and 4 (III) were used in tests with sera from patients with established adenovirus infections with serotypes representing different subgroups. The results of the tests are shown in Table 3 . In all pairs of sera the homotypic reaction dominated. Intra-subgroup reactions were encountered in some cases. Unexpected reactions were seen in a few instances. Thus, the convalescent serum of a serum pair from a patient with an adenovirus type 7 infection also gave a weak reaction with type 2 (III) virus particles and the convalescent serum from a type 8 infection gave a weak reaction with type 4 virus particles.
DISCUSSION
Results of comparisons between the reactivity of intact and disrupted virus particles with homotypic and heterotypic antisera demonstrated that the present test detected virus particle surface antigens. Earlier investigations of specific antigens on the surface of adenovirus particles have been performed by use of HI and neutralization tests and also by immune electron microscopy. In the serological tests anti-antiserum was employed to indicate sensitizing antibodies (Norrby & Wadell, 1972) . Antigens of different structural components have been shown to be exposed to a different extent at the surface of the virus particle. The group-specific antigen carried by hexons is not available at the surface, but 
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represents the dominating antigen available in preparations of disrupted particles. Two distinct type-specific antigens are exposed on the outside of virus particles, knobs of fibres and the type-specific part of hexons (Norrby, I969a, b) . Although subgroup specificities have been described to occur in different soluble structural components the only subgroupspecific structure available at the virus particle surface has been proposed to be carried by the vertex capsomere (Norrby & Wadell, I971) . Different individual structures at the surface of the virus particle are potentially capable of giving a binding of antibodies leading to zone formation in the SRDT with immobilized virus particles. An antiserum containing a defined quantity of antibodies against a specific component should give a zone with a density proportional to, and a surface inversely related to, the amount of antigen exposed at the virus particle surface. Antibodies against the typespecific part of hexons, which represent closely placed antigen sites richly represented at the surface of the virus particle, as a consequence produced a dense zone deriving from a consumption of relatively large amounts of antibodies. In contrast, antibodies against fibres could react with relatively fewer antigenic sites at the virus particle surface. The amount of antibody attached per virus particle apparently still allowed for the formation of visible zones, but compared with hexon-dependent reactions the zones produced by antifibre sera had a less dense character and were relatively larger.
The zone forming capacity of antibodies against vertex capsomeres is of particular interest. Antigenic sites of vertex capsomeres available at the surface of virus particles have earlier been demonstrated only by use of highly sensitive serological methods (Norrby & Wadell, I972) . However, in the present type of test impressive zones were produced by antibodies combining with vertex capsomere antigen. The reason for this must be that only small, albeit sufficient, amounts of vertex capsomere antigen are present at the surface of virus particles. The different slopes of the dose response curves for antihexon, antipenton and antifibre sera with a fixed concentration of virus particles further illustrate the varying representation of different capsid antigens on the surface of virus particles (Fig. 3 ). Since the slope of a line varies inversely with the concentration of reactant in the gel (Mancini et al. 1965) hexon surface antigen is more abundantly represented than vertex capsomere and fibre antigen. Zones produced by antibodies to vertex capsomeres appear to be responsible for the accentuation of subgroup specificities of virus particle surface antigens in the present type of test.
Thus, in some cases, subgroup-specific reactions were comparable to type-specific reactions. However, in these cases the latter reaction could be distinguished on the basis of the occurrence of more than one zone. Certain cross-reactions between virus types of different subgroups were encountered (Table 2) . These results agree well with the crossreactions demonstrated previously by virus particle HI tests in the presence of heterologous anti-antiserum (Norrby & Wadell, I97Z) . Also very weak cross-reactions found in the latter study could be readily demonstrated in the present type of test. Thus, for example, antibodies to type 2 (subgroup III) reacted with type 9 virus particles (subgroup II) producing a small distinct zone, whereas the reverse reaction was negative. It has been suggested that serotype 4 (subgroup III) belongs in subgroup I rather than in subgroup III and that this depends on specificities residing in the hexons (Norrby & Wadell, I969) . In agreement with previously obtained results of virus particle HI tests, a small zone was obtained by antibodies to type 4 with virus particles of type 3 (subgroup I). Reactions with members of subgroup III, however, were also found. Thus antibodies to types 2 and 6 produced distinct zones on virus particle type 4 and in the case of type 6 it was shown that the reaction was not dependent on antibodies against type 6 hexons. The reciprocal reaction between type 4 and 6 was not detectable in previous studies (Norrby & Wadell, I972) . An accentuation of a weak type 4 subgroup reaction depending on antigens of the vertex capsomeres could explain this discrepancy between the results obtained. The previously characterized crossreaction (Norrby & Wadell, I969) between types 4 and 16 was verified in the present study. This cross-reaction was shown to be stronger between type 4 virus particles and antibodies to type 16 than in the reversed situation: an impressive double zone and a single small zone, respectively, were obtained. This is in agreement with the theory that in this case virus particle HI tests with antihexon sera as well as neutralization tests demonstrate crossreactions predominantly of a one-way nature, which has been proposed to depend on exposure to different extent of a shared hexon antigen.
Since the studies with rabbit hyperimmune sera discussed above showed accentuated subgroup reactions, possible problems were anticipated in attempts to define serotypes responsible for adenovirus infections in humans by use of the present test. Further, increases of antibody titres against previous adenovirus infections, particularly with types of the same subgroup, are known to occur (Kasel et al. I965 ). However, the results of preliminary studies are encouraging (Table 3) . Pronounced type-specific reactions most often comprising multiple zones were encountered. The subgroup reactions were relatively weaker, although closely related types gave clearcut cross-reactions and thus, e.g. virus particles, of type 9, could be used for testing of antibodies against type 8.
The present technique for serological identification of adenovirus infection carries the advantage of being simple to perform and of giving rapid results. It may provide a useful tool not only for rapid screening of antibodies in outbreaks in schools and military camps, but possibly also for general typing of adenovirus infections. However, further studies of larger materials of human adenovirus infections will have to be carried out before the applicability of the test can be fully evaluated.
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